Here, we report an evolution of structural, magnetic and transport behavior in doped SrRu 1−x Ga x O 3 (x ≤ 0.2). The nonmagnetic dopant Ga 3+ (3d 10 ) not only acts for magnetic site dilution in SrRuO 3 but also it modifies the Ru charge state and electronic density. Our studies show that Ga 3+ substitution does not affect the original orthorhombic-Pbnm structure of SrRuO 3 which is due to its matching ionic radii with Ru 4+ . However, Ga 3+ has a substantial effect on the magnetic behavior of SrRuO 3 where it decreases both magnetic moment as well as magnetic transition temperature T c . Further, this dilution induces Griffiths phase behavior across T c and cluster-glass behavior at low temperature with higher concentration of doping. The magnetic critical exponent β increases with x due to this site dilution effect. The Ga 3+ induces an insulating state in SrRuO 3 with x > 0.05. The charge transport in paramagnetic as well as in insulating state of samples can be well described with Mott's modified variable-range-hopping model. The metallic charge transport just below T c in SrRuO 3 obeys Fermi liquid behavior which, however breaks down at low temperature. We further find a correlation between field dependent magnetoresistance and magnetization through power-law behavior over the series.
Introduction
The 4d based oxide SrRuO 3 is commonly believed to be an itinerant ferromagnet (FM) with transition temperature T c ∼ 163 K. [1, 2, 3, 4, 5, 6, 7, 8] The itinerant character of magnetism is very evident in the fact that the observed magnetic moment (∼ 1.4 µ B /f.u), even measured in high enough magnetic field around 30 T, comes lower than its expected spin-only value, 2 µ B /f.u. [2] The nature of magnetism in SrRuO 3 closely follows the mean-field type, [3, 6, 9, 7, 8] however, recent calculations as well as experimental data indicate that this material probably hosts both itinerant and localized type of magnetism. [5, 7] The electrical transport behavior in SrRuO 3 is equally interesting. The electrical resistivity (ρ) increases continuously even at high temperature till ∼ 1000 K. However ρ(T ) exhibits a distinct slope change across T c that establishes its close correlation with the magnetic behavior. [1] The SrRuO 3 is considered to be a 'bad metal' as ρ(T ) at high temperature crosses the Ioffe-Regel limit that is considered for (good) metallic conductivity. [1, 10, 11, 12] A Fermi-liquid (FL) type charge conduction at low temperature and its breakdown at high temperature below T c have been shown in SrRuO 3 in several studies. [11, 13, 14, 80, 81, 82, 83 ] The x-ray photoemission spectroscopy (XPS) studies have further shown a contradicting results favoring both significant as well as weak electron correlation strength (U) in SrRuO 3 . [15, 16] In spite of large volume of studies, the interrelation between magnetism and transport behavior in SrRuO 3 remains poorly understood. The high temperature metallic behavior of SrRuO 3 has enabled this material to be used as electrode in fuel cell an other devices. Further, due to its high spin polarization factor, SrRuO 3 has potential application in spintronics. Recent observation of magnetic skyrmion phase in ultrathin films of SrRuO 3 has opened another avenue for its future technological applications. [17, 18] Based on its immense importance from both basic and applied sciences, this material continues to attract attention in condensed matter community.
To understand the complex properties of SrRuO 3 , the route of chemical substitution at both Sr-and Ru-site has been adopted in various studies. The isoelectronic substitution in Sr 1−y Ca y RuO 3 causes a suppression of FM state, and around y = 0.7 the system shows a quantum phase transition (QPT). [2, 3] Regarding Ru-site doping, two types of elements are of obvious choice; magnetic (Fe 4+ , Rh 4+ , Ir 4+ , Cr 4+ , etc) and nonmagnetic (Ti 4+ , Pb 4+ , Zn 2+ , Mg 2+ ). [19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32] While former type participates in existing magnetic interactions, the later causes a dilution in magnetic lattice. In the category of nonmagnetic doping, substitution of Ti 4+ has been well studied. [24, 25, 26, 27, 28, 32] A recent study by us has shown that Ti 4+ substitution (till 70%) weakens the magnetic moment and the strength of its interaction, though the FM T c remains largely unaffected that has been explained with opposite changes of U and density of states N(ǫ F ) under the model of itinerant ferromagnetism. [7] In present study, we have used another nonmagnetic substitution Ga 3+ (3d 10 ) for Ru 4+ in SrRu 1−x Ga x O 3 (x ≤ 0.2). The Ga 3+ has matching ionic radii (0.62Å) with Ru 4+ (0.62Å) similar to Ti 4+ (0.605Å), which not only minimizes the effect of structural modification but also ensures it will substitute the Ru 4+ . The introduction of Ga 3+ in magnetically and electrically active Ru-O-Ru channel will act for site dilution similar to another nonmagnetic element Ti 4+ (3d 0 ). However, Ga 3+ will have added effects where it will convert an equivalent amount of Ru 4+ to Ru 5+ due to charge balance mechanism. Hence, there would be a mixture of Ru 4+ and Ru 5+ ions which will influence the magnetic and electronic properties accordingly. Further, the effective electron density will be modified in an opposite way in case of Ti 4+ and Ga 3+ substitution, therefore, the Stoner criteria, UN(ǫ F ) > 1, for itinerant FM will be affacted. While there are some reports of Ti doped SrRuO 3 studies, [7] to the best of our knowledge, this is the first study of Ga substitution in SrRuO 3 . The results will help to widen our knowledge about the effect of nonmagnetic substitution in SrRuO 3 .
Our studies show Ga substitution does not induce any structural phase transition but the structural parameters evolve with doping. Both T c as well as magnetic moment decreases with x. As a consequence of magnetic site dilution, system develops Griffiths phase and cluster glass like behavior at higher doping concentration. A metal to insulation transition is induced for x > 0.05. The charge conduction in insulating part of samples follow a modified Mott's variable-range-hopping model while in metallic phase it follows FL type behavior. We further observe a correlation between magnetoresistance and magnetization in samples.
Experimental Details
Polycrystalline series of samples SrRu 1−x Ga x O 3 with nominal compositions x = 0.0, 0.05, 0.1 and 0.2 have been synthesized using solid state reaction method. High purity (> 99.99% from Sigma Aldrich) ingredient materials, such as SrCO 3 , RuO 2 and Ga 2 O 3 are mixed well in stoichiometric ratio and then heated twice at 1000 o C for 24 hours with an intermediate grinding. Then, powders are pressed into pellets and heated at 1100 o C for 36 hours. Details of sample preparation and analysis are given elsewhere. [7] XRD data are collected using Rigaku MiniFlex diffractometer with CuK α radiation in the 2θ range from 10 to 90 o at room temperature. The recorded XRD patterns are analyzed following Rietveld refinement program by FullProf software. [33] The x-ray photoemission spectroscopy (XPS) measurements have been done at the base pressure of ∼ 10 −10 mbar using a commercial electron energy analyzer (Omicron nanotechnology) attached with non-monochromatic Al-K α x-ray source (hν = 1486.6 eV). For the XPS measurement, sample is used in pellet form where the ion beam sputtering has been used before measurement for cleaning the sample surface. XPS data have been analyzed using XPS peakfit 4.1 software. Temperature (T ) and magnetic field (H) dependent magnetization (M) data are collected using a superconducting quantum interference device (SQUID) magnetometer by Quantum Design. The electrical resistivity and magnetoresistance of present series is measured by a home-made instrument using the four-probe method. The ac magnetic susceptibility have been measured using a home-made setup in temperature range down to liquid nitrogen (LN 2 ) temperature where the temperature and induced signals are collected using a temperature controller (LakeShore Cryotronics) and a lockin amplifier (Stanford Research Systems).
Results and Discussions

Structural and chemical analysis
The room temperature XRD patterns of present series are shown in Fig. 1a . As seen in the figure, XRD pattern do not show any modification with Ga composition in terms of peak position or any additional peak. We have previously shown that parent SrRuO 3 crystallizes in GdFeO 3 -type orthorhombic Pbnm structure in agreement with reported studies. [2] We find that the original orthorhombic-Pbnm structure is continued for present whole series. Fig. 1b Table I) . Given that Ga 3+ and Ru 4+ has matching ionic radii (0.62Å), therefore it is least expected for any major structural modification in the present series. Table 1 shows the evolution of structural parameters with Ga substitution which are obtained from Rietveld analysis. The lattice parameters a, b and c and volume V show that the values decrease with Ga doping concentration. This evolution in lattice parameters can be understood from ionic distribution. The substitution of Ga 3+ equivalently generates Ru 5+ , which has comparatively lower ionic radii (0.565Å) than Ru 4+ . Therefore, decreasing lattice parameters affect the unit cell volume, V . We have calculated the percentage change in structural parameters of SrRu 1−x Ga x O 3 series such as, ∆a, ∆b, ∆c and ∆V with values around 0.007, 0.003, 0.018 and 0.99%, respectively. The changes in respective values are very insignificant which follows our expectation due to matching ionic radii. We also observe the change in RuO 6 octahedral parameters. The SrRuO 3 adopts a GdFeO 3 -type crystal structure where RuO 6 octahedra demonstrates distortion both along ab-plane as well as along c-direction which causes the basal and apical Ru-O-Ru bond angle to deviate from the ideal condition. Table 1 shows that both the basal Ru-O1 and apical Ru-O2 bond-length decreases in agreement with changes in lattice parameters. The basal (<Ru-O1-Ru>) as well as apical (<Ru-O2-Ru>) bond-angle for SrRuO 3 in Table 1 agree with the reported values and implies RuO 6 octahedra are both rotated and tilted along c-axis. With Ga substitution, both the bond-angle increases toward ideal value of 180 o , suggesting octahedral distortion is relieved progressively. Elemental analysis of transition metal charge state has been done with x-ray photoemission spectroscopy (XPS). Fig. 1c shows the Ru-3d core level spectra for parent SrRuO 3 . Along with centrally located dominant peak at 284.2 eV due to C-1s state, the Ru-3d spectra shows two distinct peaks on both side at binding energies 281.2 and 287.7 eV which correspond to spin-orbit split Ru-3d 5/2 and Ru-3d 3/2 electronic states, respectively. The observed C-1s peak is mostly due to adhesive carbon tape used in the experiment. The red line in Fig. 1c is due to overall fitting while the respective fittings of C-1s and Ru-3d states are shown in figure. This fitting confirms the transition metal is in Ru 4+ charge state which is also expected from its chemical composition. [34, 35] 
DC Magnetization study for SrRu
The temperature dependent magnetization data, measured from 5 K to 300 K in 100 Oe following zero field cooling (ZFC) and field cooling (FC) protocol, are shown in Fig.  2a for SrRu 1−x Ga x O 3 series. The SrRuO 3 is a well documented itinerant type FM with T c ∼ 163 K. [2] Inset of Fig. 2a shows a close view of M ZF C (T ) for all samples across T c . We observe that M ZF C for parent SrRuO 3 shows a sharp peak around 163 K and this is an onset temperature of bifurcation between M ZF C and M F C magnetization. In fact, SrRuO 3 exhibits large bifurcation between ZFC and FC magnetization data which is suggestive of large anisotropy in this material. [36] In doped samples, while the onset temperature for bifurcation remains almost the same, but the amount of bifurcation reduces substantially. These results are similar to Ti doped samples where recently we have shown that the long-range ordering temperature T c remains almost unchanged till 70% of Ti substitution which has been explained from opposite tuning of electron correlation and density of states with Ti doping. [7] The present series, however, differs from the Ti doped one as Ga 3+ not only act for site dilution but it creates Ru 5+ which is magnetic and participates in magnetic interaction with existing Ru 4+ ions. It is evident in inset of Fig. 2a that below T c , the M ZF C in doped materials develops an extra peak which may originate from magnetic clustering effect (discussed later).
To understand the high temperature paramagnetic (PM) state, inverse susceptibility (χ −1 = (M/H) −1 ) as deduced from magnetization data in Fig. 2a , is shown of Fig. 2b . The χ −1 (T ) in PM regime shows a linear behavior for all the samples which implies a Curie-Weiss (CW) type behavior. The χ −1 (T ), however, shows a sharp downturn close to T c in higher doped samples which are analyzed in terms of Griffiths phase behavior (discussed later). The χ −1 (T ) data have been analyzed with modified CW law as following,
where χ 0 is the temperature independent susceptibility, C is the CW constant and θ P is CW temperature. The fitting of Eq. 1 with χ −1 (T ) data have been shown in 0.1 but then shows a slight increase for x = 0.2. While θ P remains positive throughout the series but this nonmonotonic behavior may be related to the change in Ru 4+ /Ru 5+ ratio with x. The measured µ ef f , on the other hand, decreases linearly till x = 0.1 and then shows a steep decrease. As discussed, doped Ga 3+ (S = 0) converts Ru 4+ (S = 1) to Ru 5+ (S = 3/2). Therefore, the overall µ ef f of the sample can be expressed as,
. The calculation shows that overall µ ef f decreases continuously which agrees with our experimental values of µ ef f (inset of Fig.  2b ).
Thermal Demagnetization study
The thermal demagnetization of FM materials at low temperature is of particular interest.
Usually, for exchange interaction driven FM systems, the thermal demagnetization is explained with Bloch's spin-wave (SW) theory analysis which is expressed as following (neglecting higher order terms), [39] 
where M(0) is the zero temperature magnetization and T 3/2 term comes due to long wavelength. Using the spin-wave coefficient B (Eq. 2), spin-wave stiffness constant D can be calculated as;
where k B , g, µ B and ρ are the Boltzmann constant, Lande g-factor, Bohr magneton and density of material, respectively and ζ(3/2) = 2.612. Similarly, Stoner single-particle (SP) excitations can be used to understand the low temperature demagnetization of itinerant FM where the origin of magnetism is associated with the splitting of band into spin-up and spin-down sub-bands separated by an exchange energy. The energy difference between two sub-bands is proportional to spontaneous magnetization (M s ). The generalized form of Stoner's single-particle excitations is given below,
where A is the single-particle excitation coefficient, and ∆ is the energy gap between the top of full sub-band and Fermi level. The itinerant FM are divided into two categories based on k and ∆. For example, k = 2 and ∆ = 0 gives a weak-type itinerant FM where both the sub-bands are partially filled and the Fermi level stays within both sub-bands. On the other hand, a strong-type itinerant FM is realized for k = 3/2 and ∆ = 0 where one sub-band is partially filled and another one is fully filled. As the spin-polarization of SrRuO 3 is reported less than 100%, [40, 41] therefore a weak-type itinerant FM is expected in this material with following temperature dependence,
We have tried to fit the low temperature M(T ) data, using both spin-wave (SW) and single-particle (SP) model separately that are shown in insets of Fig. 3 . However, the thermal demagnetization data can be better fitted using combined SW and SP model which takes account both the localized as well as an itinerant model of magnetism as given below, 
Our recent study has shown that low temperature thermal demagnetization in SrRu 1−z Ti z O 3 can be better explained with combined SW and SP model which is also in line with a recent theoretical calculation that suggests a coexistence of localized and itinerant magnetism in SrRuO 3 . [7, 5] The spin-wave stiffness constant D has been calculated using the fitted parameter B using Eq. 6. We obtain D = 264.9 meVÅ 2 for SrRuO 3 . The magnetic exchange coupling constant (J) between nearest-neighbor magnetic atoms has also been calculated using following equation [39] 
where S (=1) is the localized atomic spin for SrRuO 3 . The value of J comes out to be 37.6 k B K. For the doped materials, we find similar combined model is required to understand the low temperature demagnetization data. According to band magnetism model, [42] if the spontaneous moment M s decreases, then the exchange splitting decreases by an amount, ∆E = I∆M s /Nµ B , where N is the number of spins per unit volume and I is the Stoner parameter of spin-up and spin-down d sub-bands. In present series, the M s decreases with Ga doping (inset, Fig. 6b ), therefore, it is believed that the Fermi level E F will be further pushed inside d ↓ and d ↑ sub-bands. This suggests both spin-wave, as well as single-particle models would be required to explain the thermal demagnetization effect. The calculated D and J have been shown in Table 2 for present SrRu 1−x Ga x O 3 series. The SW stiffness constant D decrease till x ∼ 0.1 and then it increases for x = 0.2. Here, it can be mentioned that increasing D value has been seen in other SrRu 1−z Ti z O 3 series. This opposite evolution of D in both series with nonmagnetic doping is believed to arise due to change of Ru 4+ ionic state in present series where in Ti doped series the Ru 4+ charge state does not alter with doping. However, an increase of D in x = 0.2 sample may be due to an interplay between site dilution caused by Ga 3+ doping and changing ionic state of Ru from Ru 4+ to Ru 5+ .
Critical exponent behavior
The nature of magnetic interaction in magnetic materials is usually characterized by a universality class which is associated with different set of critical exponents. [43] These universality classes do not depend on microscopic details of materials; rather those are defined by lattice dimension and spin dimension. The temperature dependent magnetization in vicinity of T c obeys following relation,
where β is the critical exponent, and M 0 is the magnetization at 0 K. The M(T ) data have been fitted with Eq. 8 close to T c (Fig. 4) . In fitting, the M 0 , T c and β have been kept as free parameters. The obtained values of M 0 , T c and β for SrRuO 3 are 309.57 emu mol −1 , 161.2(3) K and 0.48 (2) , respectively, where β value implies a mean-field type behavior in SrRuO 3 . This exponent is consistent with other reported studies. [3, 6, 9] 
Griffiths Phase behavior
The Griffiths phase (GP) like behavior originates from local disorder present in crystallographic structure and magnetic interactions. [44] The GP behavior is mainly characterized by formation FM clusters at temperatures higher than the T c . The inverse magnetic susceptibility (χ −1 ) plotted as a function of temperature shows a sudden downturn near T c in the case of GP. [45, 46, 47] Fig. 5a shows χ −1 (T ) within limited temperature regime for SrRu 1−x Ga x O 3 series. The χ −1 (T ) data for higher doped samples show a distinct downturn just above T c which implies a signature of GP like behavior. The temperature where χ −1 (T ) data show an onset of downturn is termed as Griffiths temperature (T G ) and the temperature range between T G and T c is called GP regime where the system neither exhibits ideal FM order nor PM behavior, rather in this regime there exists ferromagnetically ordered finite-size clusters embedded in PM background. Due to the presence of clusters, the magnetization shows nonanalytic behavior, hence the susceptibility diverges which is reflected in a sharp downturn in χ −1 . [45, 46] The sudden and sharp downfall of χ −1 (T ) above T c in the GP regime is characterized by following relation: [47] 
where T R c is the random critical temperature where the magnetic susceptibility diverges which generally lies between the T c and T G . The choice of proper T R c is very important for the correct evaluation of exponent λ. The exponent λ and T R c have been determined following the protocol described in Ref. 42 . This power law behavior appears a modified form of the CW equation where the finite λ arises due to FM cluster formation. The λ value lies in the range of 0 to 1. In the PM region the value of λ is realized to be 0, hence the Eq. 9 reduces to the standard CW equation. In the GP regime the χ −1 follows the modified CW behavior i.e., Eq. 9 with non-zero value of λ. Fig. 5b shows semi-log plotting of Eq. 9 both in PM as well as in GP regime for x = 0.1 and 0.2. The straight line fitting in Fig. 5b confirms GP like behavior in present series, as similar to previous Ti doped samples. [7] The obtained values of T R c , λ GP and λ P M of doped samples are given in Table 2 while the exponent λ P M in PM is close to zero, the λ GP shows very high values which indicates a strong behavior of GP in these materials. The validity of GP confirms a formation of short-range FM clusters due to non-magnetic Ga 3+ substitution and an increase of λ GP indicates the sizes of FM clusters decreases with Ga doping. Fig. 6a shows the field dependent isothermal magnetization M(H) data collected at 5 K for SrRu 1−x Ga x O 3 series. The data have been collected with a field range of ± 70 kOe. The parent SrRuO 3 shows large hysteresis with coercive field (H c ) ∼ 4800 Oe which matches with reported study. [48] Even at high magnetic field, SrRuO 3 does not exhibit sign of saturation which is probably due to itinerant nature of magnetism ( Fig. 6a) . At 70 kOe, we obtain magnetic moment µ H = 1.25 µ B /f.u. which is less than the calculated value (gSµ B ) = 2 µ B /f.u. with total spin S = 1 and g = 2 is the Lande g-factor. [2] The variation of remnant magnetization (M r ) has given in Table  2 . The inset of Fig. 6a shows H c initially decreases up to x ∼ 0.1, and after that it increases. This behavior of H c appears to be connected with competition between site dilution caused by nonmagnetic Ga 3+ and mixed ionic states of Ru 4+ and Ru 5+ . The inset of Fig. 6b shows experimentally estimated µ H at 70 kOe with Ga substitution. The observed values of µ H decrease linearly with Ga doping in SrRu 1−x Ga x O 3 series, which are expected from this site dilution.
Isothermal Magnetization study
The nature of magnetic state in SrRuO 3 and its evolution with Ga substitution has been checked with Arrott plot which is about plotting of the magnetic isotherm M(H) data in the form of M 2 vs H/M. [49] The Arrott plot has been constructed using M(H) data from Fig. 6a . The significance of the Arrott plot is that positive intercept on M 2 axis due to straight line fitting in high field regime gives spontaneous magnetization (M s ). Arrott plot in Fig. 6b shows non-linear behavior with concave nature. However, the straight lines fitted in high field regime give positive intercept for all the samples. From intercept we calculate M s = 0.846 µ B /f.u. for SrRuO 3 . With Ga doping, M s decreases which is again in agreement with dilution of magnetic lattice and has shown in the inset of Fig. 6b .
Further, the Rhodes-Wohlfarth (RW) ratio [50] has been used to understand the itinerant character of magnetism in present series. This ratio is to calculate q c /q s while q c characterizes the number of carriers per magnetic atom and is derived from the PM state, µ ef f = g S(S + 1) in which S = q c /2, and the q s represents µ H which is the saturated ferromagnetic moment per magnetic atom. It is argued that for q c /q s > 1, the nature of magnetic interaction would be of itinerant type and the q c /q s ∼ 1 implies localized nature of magnetic state in a material. For SrRuO 3 , we obtain q c = 1.82 and q s = 1.25, therefore the q c /q s ratio (1.46) favors an itinerant magnetic nature. Table 2 shows the q c /q s ratio increases with Ga doping which implies that the itinerant ferromagnetic character increases with progressive doping of Ga.
AC susceptibility measurements
In addition to a prominent peak around T c , the M ZF C in the inset of Fig. 2a shows an extra peak at low temperature in doped samples. Considering the fact that present site dilution in SrRu 1−x Ga x O 3 generates magnetic clusters (GP behavior in Fig. 5 ), these peaks are likely due to freezing of these clusters. To probe the low temperature magnetic state in present series, we have used ac susceptibility (χ ac ) which is an effective tool to understand the nature of magnetic state. [51, 52, 53, 54] Unlike dc magnetization study, the advantage of χ ac is that it uses very low magnetic field. Moreover, the dynamic nature of magnetic state can be probed through a variation of measurement frequency (f ) which allows to use different measurement probe time τ (= f −1 ).
We have measured the χ ac for all the samples in temperature range covering magnetic phase transition (80 to 200 K). Figs. 7a and 7b show the real (χ R 1 ) and imaginary (χ I 1 ) part of 1st harmonic χ ac , respectively measured in an ac field H ac = 2 Oe and f = 131.1 Hz. Both χ R 1 and χ I 1 show a distinct sharp peak around T c of respective samples. The χ R 1 and χ I 1 further show an additional peak for doped materials below T c where the peak temperatures closely match with those seen in dc magnetization ( Fig.  2a) . It is remarkable that the temperatures where an additional peak is observed below T c , substantially agree in case of ac and dc magnetization.
To further understand the origin of low temperature magnetic peak, we have measured both χ R 1 and χ I 1 with varying frequency which allows to probe the system using different time scale. In case of metamagnetic systems such as, spin glass (SG) or super-paramagnets (SPM), the peak temperature (T P ) shifts to higher temperature with increasing frequency. [55, 56, 57, 58, 59] Fig. 8a shows an expanded view of χ I 1 around the low temperature peak for x = 0.1 sample where the data are shown for selected few frequencies. As evident in figure, with increasing frequency the χ I 1 decreases and the T P shifts toward higher temperature. While this behavior of χ ac is typical of glassy or SPM systems but the shift of T P in present data is very small. [55, 56] For instance, T P shifts from 116.06 K to 117.37 K with an increase of frequency from 131.1 Hz to 931.1 Hz. Usually, the frequency response of T P is quantified with following relation, [55, 58, 60, 61] Φ f = ∆T P T P ∆log 10 (f ) (10) where ∆ is the difference in respective parameters. In case of glassy and interacting particle systems, the shifting of T P is very low and the values of Φ f is usually obtained in the range of the 0.005 to 0.05. For instance, obtained values of Φ f are around 0.005 for canonical spin-glass systems (CuMn, AuMn), [58, 60, 62, 63, 64] 0.008 for short-range FM system U 2 RhSi 3 , [65] 0.002 for interacting manganite nanoparticles, etc. [66] On the other hand, a larger value of Φ f (∼ 0.1) is observed for simple SPM systems (i.e., Φ f ∼ 0.28 for Ho 2 O 3 ). [60] This suggests an interaction among the magnetic entities gives a low value of Φ f . For cluster glass systems, where the locally ordered FM clusters interact and play similar role of single spin as in SG systems, Φ f is obtained in an intermediate range. [67] For present SrRu 0.9 Ga 0.1 O 3 , we obtain Φ f = 0.013 which is significantly low and close to the value for cluster glass systems. This implies a reasonable interaction among the clusters which induces glassy behavior in the system.
To understand the nature of inter-cluster interactions, we have analyzed the frequency dependent shifting of T P using different phenomenological models. For an assembly of noninteracting particles/clusters, Néel Arrhennius law predicts relaxation time (τ ) as following, [60, 68] 
where τ 0 is the microscopic relaxation time, k B is the Boltzmann constant and E a is the average thermal activation energy. The inset of Fig. 8a shows the straight line fitting of τ vs T P data following Eq. 11. We obtain the fitting parameters τ 0 and E a /k B around 2.1 × 10 −35 Hz −1 and 9017.7 K, respectively which appear to be quite unphysical though the fitting looks very good. [66, 69] For simple SPM relaxation, the τ 0 comes in the range of 10 −8 to 10 −13 s. [66] This implies a presence of sizable interaction among the FM clusters. [70] We have further tried to analyze the frequency dependance of T P using Vogel-Fulcher (VF) law, [60, 71, 72, 73, 74, 75] 
This VF law is an improvement of previous Néel Arrhennius law where the parameter T 0 (0 < T 0 < T f ) characterizes the inter-cluster interactions. The VF fitting (Eq. 12) of experimental τ vs T P data for x = 0.1 sample is shown in Fig. 8b . The fitting yields τ 0 = 1 × 10 −5 s, E a /k B = 20.4 K and T 0 = 112.9 K. The high value of T 0 implies the strength of interaction is quite significant. Further, τ 0 appears to be very high. However, similar values of τ 0 has been observed in cluster-glass like systems such as, Ni 2 Mn 1.36 Sn 0.64 and Ga 2 MnCo suggesting the slow spin dynamics in present material is due to inter-cluster interactions. [58, 76, 77] The dynamical spin nature has been further investigated using conventional scaling law analysis which assumes that the relaxation time τ is related to spin coherence length ξ. As one approaches the glass transition temperature T g , the ξ diverges suggesting following power-law behavior, [60, 61, 68, 74] τ = τ 0 (T /T g − 1) −zν (13) where τ 0 is the microscopic relaxation time of fluctuating spins or clusters, z is the dynamic scaling exponent and ν is usual critical exponent related to ξ. The solid line in Fig. 8c represents the best fitting of our experimental data for x = 0.1 using Eq. 13. The obtained fitting parameters are τ 0 = 7 × 10 −12 s, zν = 5.76 and T g = 113 K. However, the values of τ 0 obtained in VF and scaling analysis, show large disagreement. Nonetheless, τ 0 obtained in scaling analysis lies in the range of typical spin-glass systems i.e., 10 −11 -10 −12 s which suggests that the slow spin dynamics is due to presence of interacting clusters, rather than individual clusters. [55, 56, 58, 59] Further, obtained exponent zν is close to the value for canonical spin-glass systems (i.e., zν = 5 -10). [74, 78] It can be mentioned that the value of zν has been theoretically predicted to be 4 for 3D Ising glass system, but in experimental situation zν shows a wide variation for different kinds of materials. [79] The fitting as well as obtained values due to scaling law hypotheses (Eq. 13) imply a collective inter-cluster interaction which induces critically slow down spin dynamics. The VF and scaling analysis confirm a cluster-glass like behavior in doped sample which is in agreement with GP behavior. The electrical resistivity as a function of temperature ρ(T ) have been shown in Fig. 9a for SrRu 1−x Ga x O 3 series. The semi-log plotting of ρ(T ) for SrRuO 3 shows a metallic behavior with very low resistance value in whole temperature range. [1] The ρ(T ) for SrRuO 3 , shows a slope change around its T c where below T c , ρ(T ) decreases with faster rate which is probably due to reduced spin disorder effect in magnetically ordered state. The Ga doping in present series increases resistivity and induces an insulating state for x = 0.1 and above, as seen in Fig. 9a .
Here, it can be mentioned that similar metal to insulator transition (MIT) has been observed SrRu 1−z Ti z O 3 series around z ∼ 0.4. [26] This shows Ga 3+ has comparatively stronger effect on the electron transport behavior in SrRuO 3 inducing insulating behavior at lower concentration of doping. Given that Ga 3+ and Ti 4+ causes similar structural modification and both are 3d based nonmagnetic elements. But, Ga 3+ has fully filled d-orbitals, and it additionally creates Ru 5+ ion. The Ru 4+ and Ru 5+ has different electron configuration (4d 4 and 4d 3 ) which will populate t 2g orbitals differently. Therefore, whether this stronger effect of Ga 3+ on electronic properties is related to mixed charge states of Ru needs to be investigated.
Considering the metallic charge transport for x = 0.0 and 0.05 materials (Fig. 9a), we have examined the charge transport mechanism by plotting the resistivity as a function of T 2 following conventional Fermi liquid (FL) theory. For SrRuO 3 , Fig. 9b shows a linear behavior in ρ vs T 2 in temperature range from T c down to ∼ 67 K, which confirms a FL behavior in SrRuO 3 . It is, however, interesting to observe in Fig. 9b that in Ga doped sample (5%), the FL behavior is obeyed in whole temperature range below T c . Following the deviation from FL behavior at low temperature in SrRuO 3 , we have further plotted ρ as a function of T 1.5 in inset of Fig. 9b . The linear behavior in figure indicates a non Fermi liquid (NFL) type charge conduction prevails at low temperature between around 70 to 20 K. In contrast, previous studies mostly have shown FL like charge transport at low temperature in SrRuO 3 which changes to NFL behavior at high temperature that extends up to T c . [11, 13, 14, 80, 81, 82, 83] This break down of FL behavior at high temperature has mostly been ascribed to the bad metallic character of SrRuO 3 which realized as the ρ(T ) shows a linear increase above T c without any saturation, crossing the Ioffe-Regel limit for conductivity. [14, 84, 1, 10, 11, 12] The ρ(T ) increases continuously till temperature as high as ∼ 1000 K. [1] In that scenario, the breakdown of FL behavior at low temperature in present study in quite intriguing. This material neither known to be close to any quantum critical point nor it has antiferromagnetic type fluctuations, as in CaRuO 3 . [85, 86] The NFL behavior is observed at low temperature much below T c where FM moments are usually firmly ordered due to reduced thermal fluctuations. We understand that this NFL behavior arises due to scattering of itinerant electrons with magnetic moments. In doped sample, where the magnetism is weakened due to substitution of Ga, the FL behavior continues to low temperature. Nonetheless, continuation of FL behavior down low temperature with only 5% of Ga is intriguing. The nature of ρ(T ) in PM state is different for x = 0.1 and 0.2 (Fig. 9a ) samples in present series. Generally, charge transport mechanism in an insulating state follows Motts variable range hopping (VRH) model which is expressed in case of 3-dimensional material as, [87] 
where ρ 0 and T M are the constants. This formula would then be valid for higher doped insulating samples of SrRu 1−x Ga x O 3 series. However, the present samples have reasonable disorder arising from nonmagnetic Ga 3+ introduced at active Ru-O channel of charge transport. The Eq. 14 has been further modified by Greaves for disordered materials where a √ T term has been included as prefactor as following, [88] 
The ρ 0 accounts for electron-phonon interaction and has following form
where ν ph (∼ 10 13 s −1 ) is an optical phonon frequency, α = 1/ξ is an inverse localization length of the localized states, k B is the Boltzmann constant, N(E F ) is the density of states and e is the electronic charge. The T M in Eq. 15 is the measure of disorder present in the system and can be written as
where Λ is constant and has value 19.45 for disordered state. [89, 90] The ρ(T ) data are fitted with Eq. 15 for all the samples in high temperature PM range. Figs. 9c and 9d show the fitting of ρ(T ) data following Eq. 15 for x = 0.0, 0.05 and x = 0.1, 0.2 samples, respectively. It is worth to mention here that charge conduction for both metallic and insulating samples can be explained with single model (Eq. 15). The validity of Eq. (15) for charge transport in SrRuO 3 has been in early report. [91] The parameters ρ 0 and T M obtained from fitting in Figs. 9c and 9d are given in Table 3 . It is clear in Table 3 that while ρ 0 does not vary appreciably but T M shows a large increase with Ga doping which signifies the role of disorder in system arising from site dilution. 
Magnetoresistance Study
The temperature dependent resistivity in presence of magnetic field (80 kOe) has been shown in Fig. 10a for SrRuO 3 . It is observed in figure that in presence of field the overall feature of ρ(T ) does not change, however, the value of ρ(T) decreases in FM state. This indicates that a negative magnetoresistance (MR) in SrRuO 3 , as observed in other studies. [48, 92] The prominent effect of MR is observed across T c as the FM transition is broadened in high magnetic field. The magnitude of MR is usually defined as the percentage change in ρ in the presence of magnetic field as,
where ρ(H) and ρ(0) are the resistivity measured in magnetic field and zero field, respectively. The temperature dependent MR have shown in Figs. 10b and 10c for x = 0.0, 0.1 and x = 0.2 respectively indicates a negative MR for all the materials over the temperature range. For SrRuO 3 MR is not substantial but it shows dip around T c and at low temperature around 50 K that also matches with other study. [48] This is interesting as we find electronic transport deviates from Fermi liquid behavior below around 70 K (Fig. 9b) . The negative MR increases substantially for insulating samples x = 0.1 and 0.2 material reaches around 5% and 18% respectively at 5 K (Fig. 10c) of SrRu 1−x Ga x O 3 series. This substantial increase of MR at low temperature is probably due to a high insulating state. This material continue to be ferromagnetic and the alignment of spins in field promotes the charge conduction. It can be further noticed in Fig. 10 that MR for both x = 0.1 and 0.2 shows a dip around 118 K and 135 K respectively which are the glass transition temperature for both these samples.
The isothermal MR data at 5 K and 200 K are further plotted in Fig. 11a and 11b respectively where both the temperature represents magnetic and nonmagnetic state, respectively. As discussed above, negative MR at 5 K increases substantially from ∼ 1% to ∼ 18% with increase of Ga from 0 to 20%. It is further noticeable in Fig. 11a that while SrRuO 3 shows almost linear MR with field, a nonlinearity in MR is induced in with increasing Ga doping. This implies that x = 0.2 material is largely diluted, therefore, spin alignment induced conduction happens at higher field. Opposed to low temperature behavior, the MR at 200 K decreases with Ga ( Fig. 11b ). Further, Fig.  11b shows the field dependent MR at 200 K is nonlinear for all the samples.
The non-linearity in MR has been quantified by fitting with following power-law behavior,
where A and B are the constants and n is the power exponent. Fig. 11c shows the exponent n with temperature for x = 0.0, 0.1 and 0.2 samples. Fig. 11c shows that MR for x = 0.0 and 0.1 increases almost linearly (n ∼ 1) till T c , then above T c the value of n increases to ∼ 2. The x = 0.2 sample, on the other hand, shows higher power dependance of MR on field even at low temperatures. At 200 K in PM state, the MR shows quadratic field dependance for all the materials.
Considering that magnetic ordering has sizable influence on MR behavior, we have plotted the field dependent MR along with M(H) data at 5 K. Figs. 12a, 12c and 12e show the combined MR and magnetization data at 5 K for x = 0.0, 0.1 and 0.2, respectively. While all the materials exhibit a negative MR, but its nature vary with the effect of site dilution.
For example, MR for parent SrRuO 3 increases during first application of magnetic field but when the field is returned back to zero, the MR shows significant hysteresis and remnant value. When the field is switched to negative direction, MR continues to decrease and shows a positive peak at field which roughly coincides with its coercive field ( Fig. 12a ). With further increase of negative field, the MR increases toward negative direction and exhibits a hysteresis with reversal of field. Important observations are MR exhibits significant hysteresis, a remnant MR at zero field and the positive peaks around coercive fields, where all appear to be connected with the magnetic state of material. The spin alignment with increasing field promotes the charge conduction which results in negative MR. The remnant negative MR is caused by remnant magnetization at zero field which is evident in M(H) plot in Fig. 12a . When the field is increased to negative direction, the negative MR decreases and MR shows zero value at field that closely matchs with the H c .
The slight positive MR immediately after H c is likely due to effect of field as the moment is close to zero. However, spin alignment with negative field again induces negative MR which explains the hysteresis in MR. With Ga substitution, we observe similar MR behavior for x = 0.1 but the hysteresis in MR is reduced.
For x = 0.2, hysteresis in MR is reduced and remnant in MR decreases substantially. Instead, MR shows positive value for larger field range close to zero field. This reduced hysteresis and increased positive MR is likely due to magnetic dilution with nonmagnetic Ga.
We have further attempted to establish a direct correlation between MR and magnetization data. With following functional dependence of MR and M on field H, [93] MR ∝ H p , M ∝ H q (20) where p and q are the exponents, a direct relationship between MR and M as be obtained as shown below,
In Figs. 12b, 12d and 12f, we have plotted MR vs M at 5 K for x = 0.0, 0.1 and 0.2, respectively. The data have been fitted with Eq. 21 which yields p/q = 3.34 for SrRuO 3 . Using Eq. 20, we separately obtain p = 0.9 and q = 0.3 which implies a p/q ratio = 3 for SrRuO 3 . The both p/q values obtained from Eqs. 20 and 21 for this series (shown in Table 3 ) indicate a close matching. Here, it can be mentioned that the negative MR has been shown to scale as ∝ (M/M s ) 3 for itinerant FM system Mn x TiS 2 while for localized moment systems the dependance is quadratic. [94] The present p/q exponent (∼ 3) for SrRuO 3 shows a nice agreement with itinerant system. Further, an increase of p/q exponent with x ( Table 3) implies an increasing trend of itinerant character in SrRu 1−x Ga x O 3 which also supports the results, as obtained from increasing Rhodes-Wohlfarth ratio ( Table 2 ).
Conclusion
Series of polycrystalline samples SrRu 1−x Ga x O 3 with x = 0.0, 0.05, 0.1 and 0.2 are prepared using solid state method to understand the complex magnetic and transport properties in SrRuO 3 . All the samples are characterized with orthorhombic-Pbnm crystal structure. However, the lattice parameters (a, b and c) progressively decrease with x which is due to formation of Ru 5+ that has smaller ionic radii compared to Ru 4+ and Ga 3+ . Both the magnetic moment as well as FM T c decreases with Ga 3+ substitution. The analysis of thermal demagnetization at low temperature indicates a coexistence of both itinerant and localized model of magnetization. The estimated magnetic critical exponent β indicates a mean-field type magnetization in SrRuO 3 . The value of β increases with Ga that is ascribed to site dilution effect. This site dilution leads to formation of FM clusters which is evident through Griffiths phase like behavior in higher doped samples. The ac susceptibility measurements confirm that a clusterglass like behavior at low temperature that is also induced by FM cluster formation. A transition from metallic to insulating state is observed between x = 0.05 to 0.1. The charge transport behavior in both high temperature PM region of x = 0 and 0.05 and in insulating states of x = 0.1 and 0.2 is explained by modified Mott's VRH model. But in FM-metallic state just below T c (x = 0 and 0.05), the charge transport mechanism mainly follows Fermi-Liquid behavior. At low temperature, a breakdown in FL behavior occurs due to an increased scattering of itinerant electrons by ordered moment. The site dilution effect is also evident in charge transport as doped sample shows FL behavior throughout the FM state.
